Abstract. Methods that can efficiently and effectively quantify proteins are needed to support increasing demand in many bioanalytical fields. Triple quadrupole mass spectrometry (QQQ-MS) is sensitive and specific, and it is routinely used to quantify small molecules. However, low resolution fragmentation-dependent MS detection can pose inherent difficulties for intact proteins. In this research, we investigated variables that affect protein and fragment ion signals to enable protein quantitation using QQQ-MS. Collision induced dissociation gas pressure and collision energy were found to be the most crucial variables for optimization. Multiple reaction monitoring (MRM) transitions for seven standard proteins, including lysozyme, ubiquitin, cytochrome c from both equine and bovine, lactalbumin, myoglobin, and prostatespecific antigen (PSA) were determined. Assuming the eventual goal of applying such methodology is to analyze protein in biological fluids, a liquid chromatography method was developed. Calibration curves of six standard proteins (excluding PSA) were obtained to show the feasibility of intact protein quantification using QQQ-MS. Linearity (2-3 orders), limits of detection (0.5-50 μg/mL), accuracy (<5% error), and precision (1%-12% CV) were determined for each model protein. Sensitivities for different proteins varied considerably. Biological fluids, including human urine, equine plasma, and bovine plasma were used to demonstrate the specificity of the approach. The purpose of this model study was to identify, study, and demonstrate the advantages and challenges for QQQ-MS-based intact protein quantitation, a largely underutilized approach to date.
Introduction
T he demand for protein quantitation has been increasing in fields including, but not limited to, protein markers in biological fluids analysis, protein therapeutics, and drug development and response control. This rapidly increasing trend demands that analytical tools and methods be developed to facilitate these and other relevant applications [1] . In biological fluids, the flux of protein expression is a crucial marker for numerous diseases. By studying easily accessible biological fluids such as urine, one can perform noninvasive clinical diagnostics [2] . Even though trace amounts of protein in urine is common, significant amounts often indicate bladder tumors, kidney disease, preeclampsia, and other maladies. Proteins can also be potential biomarkers for cancer screening, from samples such as plasma or serum [3] .
For the past few decades, increasing numbers of proteins and peptides have been approved for clinical use by the US Food and Drug Administration [4] . However, since the process of making protein therapeutics using DNA expression techniques can generate unintended protein byproducts, which can compromise product activity and stability, it is crucial to have established qualitative and quantitative methods for quality control of protein therapeutics [5] . With the rapid development and the increasing usage of protein therapeutics, the need for methods that can accurately and precisely monitor the protein levels throughout the entire process of production, characterization (e.g., pharmacodynamics and pharmacokinetics), and clinical treatment are particularly necessary [6] .
Quantitative analysis of small molecules is routinely performed using a triple quadrupole mass spectrometer (QQQ-MS), which is known for its outstanding sensitivity and specificity [7, 8] . A triple quadrupole provides several operational modes that can accomplish different means of discovery and quantification. Selected reaction monitoring (SRM) involves the determination of an analyte of interest by monitoring a unique fragment ion generated by collision induced dissociation (CID). Specificity is significantly improved and background noise and interferences are reduced by monitoring a defined precursor and product ion pair [9] . The enhancement of signal-to-noise ratio allows reliable determination of low abundant compounds in a sample. Multiple reaction monitoring (MRM) mode uses the same concept as SRM, except that multiple fragmentation events for potentially multiple analytes are followed during an analytical run [10] . Two or more product ions can be captured for a given analyte to achieve both quantification and verification.
Although methods that quantify small molecules such as hormones, drug metabolites, and protein degradation products have been established and commonly used, methods that directly quantify intact proteins using a triple quadrupole mass spectrometer have not yet been significantly developed and utilized [11] . In quantifying proteins, selected ion monitoring (SIM) has been used to select and monitor a single charge state of a multiply-charged protein to directly quantify r2u-globulin in rat urine and kidneys [12] . A method including solid-phase extraction, liquid chromatography, and SRM was developed to quantify angiogenesis inhibitor rK5 protein in plasma [9, 13] . In both papers, Ji et al. expressed the lack of intact protein quantitation methods on QQQ-MS by claiming no reports were found that described detection of proteins over 10,000 Da using SRM. Indeed, examples of such an approach in the literature are extremely limited [14] .
The lack of activities of intact protein quantitation using QQQ-MS might be caused by challenges in optimizing intact protein fragmentation. When developing a SRM method for a high molecular weight protein, abundant low mass fragments with irreproducible fragment patterns are often observed [15] . This could be attributed to multiple interdependent parameters. The possible explanations of these occurrences can be categorized from two main sources: low resolution instrumentation and analytes with large molecular size and complexity.
A typical triple quadrupole is a low resolution instrument that cannot fully distinguish Δm/z < 0.5 in a mass spectrum (i.e., unit resolution). Proceeding with MRM of a multiply charged protein ion formed from electrospray, precursor ion isolation will likely include a mixture of multiple isotopes, adduct ions, isoforms, and conformational states. In contrast to highly reproducible fragmentation, typically observed in a high energy collision cell [16] , a large protein ion may be susceptible to ion scattering [17] , charge transfer [18, 19] , sequence rearrangement [20] , and cyclization processes [21, 22] in a low energy collisional cell used in QQQ-MS. The precursor ion will have many degrees of freedom, which can lead to heterogeneous distribution of internal energy and the unpredictable formation of product ions possessing a variety of molecular weights and charge states. The selection of a product ion in the low resolution third quadrupole also provides limits for assigning the charge state and sequence of the ion. Some good top-down mass spectrometry software tools exist [23] , but these provide ambiguous assignments without high mass accuracy data. In general, the potential for irreproducible fragment patterns makes it difficult to optimize an MRM channel and reproducibly quantify an intact protein target using a triple quadrupole instrument. Presumably, it is for these reasons that little literature exists on this topic.
In order to utilize triple quadrupole mass spectrometry for protein quantification, prior protein digestion and quantification of peptide products through a bottom-up approach has been the norm [7, 24, 25] . However, such methods can be time-consuming and possible errors in the protein digestion steps can easily propagate, which can compromise precision and accuracy [26] . In fact, protein digestion steps are often incomplete and the percent protein digested is not always consistent, making absolute protein quantitation very difficult [6] . One can purchase a stable isotope-labeled protein to accompany the entire process of target protein analyte digestion as an internal standard [27, 28] . However, this is extremely costly and not widely practical due to limited availability of such standards. As an alternative, a top-down approach can be used, which involves the direct interrogation of intact proteins in the mass spectrometer. This strategy is most often applied on more expensive, high resolving power mass spectrometers including those based on time-of-flight (TOF), orbital trap, and Fourier transform ion cyclotron resonance technologies; triple quadrupole mass spectrometers are not commonly used for top-down protein analysis [9, 13, 26, [29] [30] [31] .
The goal of this work was to explore the development of a top-down MRM-based method for direct intact protein quantification using a triple quadrupole mass spectrometer. Eliminating potentially inconsistent protein digestion steps will save error, money, time, and resources. It can also accomplish absolute protein quantitation while avoiding the extensive use of the stable isotope-labeled proteins. We investigated variables that directly correlate with the production of stable and reproducible product ion fragments for MRM, including mobile phase composition, electrospray ion source conditions, collision energy (CE), and CID gas pressure. A set of model proteins were used to demonstrate method feasibility by developing a reproducible MRM and creating calibration curves. Linearity, accuracy, and precision along with limits of detection and quantitation were determined for each protein.
Possible challenges of matrix effects and interferences when directly analyzing intact proteins from biological sample were anticipated. A liquid chromatography method was developed to demonstrate the feasibility of chromatographic resolution of target proteins to minimize matrix effects and other interferences. Biological matrices, including human urine, bovine plasma, and equine plasma, were used to prove the concept. The success of this work demonstrates that a top-down MRM approach for protein quantification is indeed feasible; this finding should be attractive to those interested in developing more simplified top-down methods for protein quantification using QQQ-MS.
Experimental

Material and Reagents
Protein standards lysozyme (Lysz) (14.2 kDa) from chicken egg white, cytochrome c (Cyt c B) (12.2 kDa) from bovine heart, myoglobin (Myo) (16.9 kDa) from equine skeletal muscle, lactalbumin (Lact) (14.2 kDa) from bovine milk, ubiquitin (Ubiq) (8.6 kDa) from bovine erythrocytes, cytochrome c (Cyt c E) (12.3 kDa) from equine heart, bovine serum albumin (BSA) (66.5 kDa), prostate-specific antigen (PSA) (28.4 kDa) from human serum, trifluoroacetic acid (TFA), and formic acid (FA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Protein standards studied ranged in molecular weight from 8.6 to 28.4 kDa. As biological matrices, human urine was donated from a volunteer in our laboratory and plasmas from equine and bovine were purchased from Innovative Research (Novi, MI, USA). LCMS-grade water, methanol (MeOH), and acetonitrile (ACN) were purchased from Honeywell Burdick and Jackson (Morristown, NJ, USA).
Intact Protein MRM Method Development and Optimization
Sample Preparation and Instrument Parameters An LCMS-8050 triple quadrupole mass spectrometer (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) was used to study intact protein quantitation. Intact protein standards were prepared in water and further diluted with a mixture of 50% water and 50% MeOH with 0.1% FA (by volume) to working standard concentrations for different proteins due to their differences in sensitivity. From the multiply-charged ion envelope for each protein acquired from a Q 3 scan event (200-2000 m/z), the highest intensity ion signal was selected to be the precursor ion for further MRM method development. The sample was directly injected using an autosampler (SIL-30 AC; Shimadzu) with a mobile phase of 50:50:0.1 (v/v/v) H2O:MeOH:FA. Optimal operation parameters of the electrospray ionization-triple quadrupole mass spectrometer for intact protein quantification were determined to be as follows: interface temperature at 300°C; interface voltage at 4 kV (positive ionization mode); desolvation line temperature at 250°C
; heat block temperature at 400°C; heat gas flow, nitrogen at 10 L/min; and drying gas flow, nitrogen at 10 L/min.
Collision Energy and Collision Induced Dissociation Gas Pressure A series of CE and CID gas pressures were used in different combinations to identify reproducible product ion signals generated from the intact protein precursor ions. The LCMS-8050 uses ultra-high purity argon as the collision gas. Once a few stable product ions were observed, automated MRM optimization was initiated using LabSolutions software (ver. 5.65) to obtain the optimal collision energy in the range of -5 to -180 V. Ubiq, Myo, and Cyt c B were used to study the relationship between CE and CID gas pressure. The MRM optimizations were conducted at low (40 kPa), medium (100 kPa), and high (270 kPa) CID gas pressure to determine optimal CE to generate selected product ions. Replicates (n = 8) at different CID gas pressures for the three proteins were collected to study the signal intensity and the reproducibility of the product ions.
Intact Protein Fragmentation Reproducibility To demonstrate (a) the poor reproducibility of intact protein product ions that hinder the discovery of an unique and reproducible MRM transition for quantitation purpose under certain conditions, and (b) the good reproducibility and sensitivity obtained under alternate settings, experiments involving Myo and Ubiq with multiple replicate (n = 500) product ion scans at different combinations of collision energies and CID gas pressures were performed. Myo (100 μg/mL) and Ubiq (1 μg/mL) were directly injected (30 μL) and flowed from the autosampler to the mass spectrometer. CID gas pressures were set at low (40 kPa), medium (100 kPa), and high (270 kPa) values with different collision energies for Myo (-27, -40, -45, and -76 V) and Ubiq (-25, -37, -59, and -70 V). Various collision energies were chosen to cover the range of fragmentation behavior that included no fragmentation, limited fragmentation (with significant precursor remaining), and complete fragmentation (with no precursor remaining). It should be noted that the latter strategy (complete fragmentation) is commonly used for optimization of small molecules MRMs to maximize generation of product ions and consequently, sensitivity.
Intact Protein Separation and Quantitation A CID gas pressure at 270 kPa was chosen as a generic condition to perform a more in-depth analysis of intact protein quantitation capabili-
, and Ubiq [+11] were all carried through MRM optimization using the 270 kPa CID gas pressure. Two stable and reproducible product ions were selected from each protein to be optimized. These preliminary MRM transitions were then used to track the protein elution during chromatography to determine the elution solvent composition. Under different solvent compositions (variations in organic solvent and other modifier concentrations), the distribution of protein charge states can change. This could alter the protein profile so the highest intensity charge state might be different from the previously determined MRM. Therefore, after the chromatography was developed, the protein charge state distribution was reevaluated at the elution composition and the highest intensity charge state was selected for a second MRM optimization process.
To address future analyses from complex matrix mixtures, a liquid chromatography method was developed to separate the set of model target proteins. Lysz (1 μg/mL), Myo (0.05 μg/ mL), Cyt c B (0.1 μg/mL), Cyt c E (0.1 μg/mL), Lact (1 μg/ mL), Ubiq (0.01 μg/mL), and PSA (100 μg/mL) were prepared in a mixture. Separation was performed using a Shimadzu LC system (AC-30; Shimadzu Scientific Instruments, Inc., Columbia MD, USA) on a reverse phase wide pore Viva C4 column (2.1 × 100 mm, 300 Å; 5 μm; Restek Corporation (Bellefonte PA, USA)). Flow rate was set to 0.2 mL/min and the mobile phase was composed of A (H 2 O + 0.1% FA + 0.05% TFA) and B (ACN + 0.1% FA + 0.05% TFA) components. Twenty μL of the protein mixture was injected and the solvent composition was held at 25% B for 1.35 min. A mobile phase gradient from 25% to 85% B was then applied to the column from 1.35 to 21.25 min, followed by 1 min washing (85% B) and a 5 min re-equilibration step (25% B). This method was designed for generic protein separation in biological samples, and thus some peak overlap was to be expected. Overlapping MRMs are easily compensated by the fast scan speed of the triple quadrupole instrument.
The preliminary MRM method was used to track elution during chromatography for solvent composition determination. Protein standards were injected (15 μL) onto the Viva C4 column with the chromatography method developed, then eluted into the electrospray ionization triple quadrupole mass spectrometer. The new protein profile was obtained and the highest signal charge state was isolated to develop a MRM method for
, and Ubiq [+8] to ensure optimal detection sensitivity. In principle, the second most abundant charge state can also be used if the most abundant signal ion overlaps with the precursor ion of another protein of interest (e.g., within 1 Da) or two reproducible and stable product ions could not be found. Owing to the cost and sample limitation of PSA, calibration curves were only generated and validation was only performed for Lysz, Cyt c B, Cyt c E, Myo, Lact, and Ubiq. Five-point calibration curves were generated in triplicate for the six selected proteins. Accuracy and precision were tested at low, medium, and high concentrations within the calibration range, but at concentrations distinct from the concentrations used to create the calibration curves. Calibration concentrations ranged from 0.5 to 2000 μg/mL due to response factor variations among the proteins. Since noise is essentially negligible in MRM mode, the limit of detection (LOD) calculation of three times standard deviation of the signal divided by the slope of the calibration curve was not applicable. In this study, LOD was first estimated using the slope and the standard deviation of the calibration curve. Then, protein standards with concentrations around the estimated LOD were prepared and analyzed to determine the actual detection limit using seven replicates. The lowest concentration that could be successfully detected was reported as the LOD. For all six proteins, quantifiable data was obtained at concentrations three times higher than the LOD and no signal could be detected at half of the LOD concentration. In a minimal noise condition, the actual LOQ is often lower than the commonly calculated 3.3 times LOD. In some cases, here, LOQ is equal to the LOD. In this study, the limits of quantitation (LOQ) of the six proteins were determined experimentally as those protein concentrations that produced signals with a coefficient of variance of less than 10% following triplicate measurements.
Matrix Effects and Interferences
When dealing with complex biological fluid samples, matrix effects and interferences from other proteins would be anticipated. In order to assess the specificity and susceptibility of intact protein quantitation to these possible complications, mixtures of Cyt c E at a constant concentration of 10 μg/mL with increasing Cyt c B (close sequence homology to Cyt c E) and BSA (a high abundance matrix component) concentrations were prepared. Cyt c B and Cyt c E only differ by three amino acids (97% sequence homology) and were chosen to represent other proteins similar to the protein target of interest. Cyt c B and BSA were spiked in the sample at 0, 1, 10, and 100 μg/mL. This range represented other proteins existing in the same sample with concentrations from 10 times lower to 10 times higher than the protein of interest. All measurements were performed in triplicate and the samples were directly injected into the electrospray ionization mass spectrometry (ESI-MS) without any chromatographic separation.
Although BSA and Cyt c B were chosen to represent other proteins in a biological matrix as a model, and the experiments above demonstrated the possible impact when the analyte coelutes with proteins that are somewhat higher in concentration and similar in sequence, the complexity of the biological matrix itself should not be overlooked. Human urine, plasma from equine, and plasma from bovine were used as sample matrices to demonstrate the specificity and the feasibility of the method. All biological fluids were filtered with VWR 25 mm syringe filters with 0.45 μm nylon membrane to remove debris in the samples. The filtered biological matrices were then diluted five times with water and 0.1% FA to represent working solutions for analysis. Biological matrices were first injected (15 μL) and analyzed against the previously determined chromatographic and MRM method to observe any interferences. If the protein MRM method was not unique to the proteins, detection of interfering matrix background would be observed. Protein standards Lysz (500 μg/mL), Lact (1 mg/mL), Myo (35 μg/mL), Ubiq (50 μg/mL), Cyt c B (85 μg/mL), and Cyt c E (90 μg/mL) were then spiked in the biological matrices at moderate concentrations and analyzed by LC-MS. This study was designed to show the specificity of the MRM transitions to the intact proteins of interest and the feasibility of quantifying proteins in biological matrices through this method on QQQ-MS.
Data Evaluation
Triple quadrupole mass spectrometer data, including qualitative and quantitative results, were analyzed by Shimadzu LabSolutions software (ver. 5.65). The accurate mass of Lysz, Myo, Cyt c B, Ubiq, and Lact precursor and product ions were obtained using a separate high mass accuracy ion trap-time of flight (IT-TOF) mass spectrometer (Shimadzu) and a Synapt G2 Q-TOF mass spectrometer (Waters). An attempt to assign product ions sequence and charge states was performed using the free web-based top-down mass spectrometry software ProSight Lite [32] .
Results and Discussion
To develop the capability for direct intact protein quantitation using a triple quadrupole mass spectrometer, to eventually enable absolute protein quantitation, a series of experiments were conducted. In order to quantify target analytes on a triple quadrupole mass spectrometer, one must first find unique and reproducible product ions that represent the protein of interest to create a MRM transition. One of the greatest hurdles of intact protein fragmentation using a triple quadrupole was the irreproducible product ions generated by a complete precursor CID fragmentation process [15] . Figure 1a shows the intact Myo protein charge state distribution generated from the ESI source and measured in scan mode on the QQQ-MS. The highest intensity ion (998.4 [+17]) was selected to be the precursor ion for further fragmentation and eventual MRM method development and optimization. Figure 1b is a full ion scan mass spectrum on the product ions generated from the precursor myoglobin ion (998.4 [+17]) at CE = -45 V. At this setting, no consistent or reproducible product ions were obtained. To further demonstrate the fragmentation inconsistency at this setting, the result from 500 scans collected at collision energies sufficient to completely convert all Myo precursor ion (998.4 [+17]) to product ions (CE = -40 and -45 V; CID P = 270 kPa) were analyzed and these are displayed in Figure 1c . Fragment ions were observed across the entire mass range monitored. Approximately 290 product ions were observed above 500 m/z with low average signal intensities (~320 ion counts) and poor reproducibility (120% RSD) revealing their irreproducible and spurious nature. Product ions below 500 m/z (n = 285) had higher signal intensities (~1600 ion counts), but still had poor stability (27% RSD
In order to find settings appropriate for reproducible intact protein fragment ion generation, MS parameters were altered. Among the instrumental parameters adjusted, CE and CID gas pressure applied in the second quadrupole were the two factors that had the greatest effect. Even though the majority of the product ions had low m/z ratios and were generally irreproducible, some product ions generated using a combination of moderate CID gas pressure and lower CE were found to be more stable, reproducible, and unique across the different proteins studied. For example, although Myo product ion signals at CE -40 and -45 V were irreproducible and not unique to the precursor ion, reproducible and unique fragment ions were [+24]
[+23]
[+22]
[+21] Reproducible and consistent product ions at higher signal abundance were obtained while the precursor ion was still present observed at CE = -27 V (Figure 1d) . To demonstrate the reproducibility of these product ions generated, an experiment was performed to collect 500 scans under this condition (Figure 1e ). The product ion intensities were much higher than the ones from CE = -40 and 45 V, and the fragmentation was consistent and reproducible. At this lower collision energy, a significant amount of the precursor ion remains. This is in contrast to common practice for MRM optimization on small molecules. Generally, it is thought that better sensitivity is obtained when all of the precursor ion is converted to product ions. In the case of intact proteins, reproducible (<10% RSD) and unique product ions were generated at lower CE where precursor ion was still present. Additionally, under these conditions, the intensity (~25,000-75,000 ion counts) of these product ions significantly exceeded that for fragments generated using high CE. It is likely that a combination of greater randomness of fragmentation sites, charge states, and rearrangements are responsible for the lack of reliable MRM transitions at high CE. At lower CE, presumably more selective fragmentations at the weakest links of the protein create unique and reproducible product fragments that could be used for intact protein MRM transitions.
Since both CE and CID gas pressure were contributors to optimal fragmentation conditions, the combinations of the two were studied. The optimal collision energies obtained following automated MRM optimization at three different CID gas pressures for three model proteins are shown in Supplementary Figure S3 of the Online Resource. Two reproducible transitions for each protein were followed. This study revealed that as CID gas pressure was increased, the optimal CE required to form reproducible and intense product ion fragments decreased. Ubiq (8.6 kDa) showed the highest signal and reproducibility at medium CID gas pressure, whereas Cyt c B (12.2 kDa) and Myo (16.9 kDa) preferred higher CID gas pressure. The trend of optimal CID gas pressure increasing with increased protein size was apparent.
Though optimal results for protein ions with different sizes were found using different CID gas pressures, the gas pressure cannot be changed during an analytical run. A compromised CID gas pressure of 270 kPa was chosen as a generic condition to perform a more in-depth analysis of the capability for intact protein quantitation. Lysz Table S1 ). One of the MRM transitions was used for quantitation while the other was used for confirmation (termed a qualifier ion). This strategy is in accordance with common practice for MRM-based quantitation on a triple quadrupole and helps ensure specificity [33] . If an interfering matrix ion has the same m/z ratio as the analyte of interest and produces a fragment at the same m/z ratio as the first product ion, confirming the absence of the qualifier ion aids the assignment of this signal as an interference. While the first product ion can be used to quantify the analyte, the presence of the second product ion can help confirm the existence of the analyte of interest and help discriminate against any interfering ions. The collection of two MRM transitions for each analyte is particularly useful when dealing with quantifying analytes in a complex matrix.
At this point, the identities of the monitored product ions were unknown. However, the accurate monoisotopic mass of all five proteins and their product ions were obtained using separate high mass accuracy mass spectrometers so the fragment identities could be predicted using the amino acid sequence through software [32] . It should be noted that the fragmentation products in these different instruments may not be the same as those generated using the triple quadrupole instrument because of the potentially different fragmentation channels and intensities in different mass analyzers; the use of these supplemental instruments is simply to demonstrate that such steps could be explored if the product ion identity were needed. The Online Resource includes the prospective sequences of the product ions using the high accuracy m/z ratio of the product ions with the known protein sequence. Factoring possible charge states can also increase the accuracy of the prospective sequence prediction. Even though higher m/z ions may be obtained through the collision induced dissociation process, the product ion is more likely to have a lower charge state than the precursor ion. Each protein produced unique product ions and, thus, the general requirement for designating specific MRM transitions for each protein was achieved regardless of the identities of the product ions.
To address determinations from complex biological matrices, a generic liquid chromatography method was developed to demonstrate protein separation in combination with MRMbased detection. The seven protein mixture, including Lysz, Myo, Cyt c B, Cyt c E, Lact, Ubiq, and PSA, was separated on the wide pore reversed phase protein separation column using gradient elution (Figure 2 ). Various concentrations were used for different proteins to compensate the different response factors. The separation method was not optimized for the seven proteins since they were only used as an example to demonstrate proof of principle. Although baseline separations were not achieved between all peaks, most of the proteins were separated to show the potential for mitigating matrix effects or other ionization interferences. It should be noted that Cyt c E and Cyt c B were baseline-resolved using this method, even though they have high sequence homology [34] . The effect of the presence of an interfering protein, BSA, was evaluated with the method as well. Although an MRM transition of the BSA was not determined, in full scan mode, BSA was observed to elute at 8.1 min. In other words, this model high abundance A top down intact protein quantitation strategy could mitigate the problems with targeting low abundance proteins experienced with bottom-up approaches, since high abundance proteins can be confined to individual peaks in a chromatogram during the former. In bottom-up approaches, the peptides generated from high abundance proteins can mask the peptides generated from low abundance proteins; peptides from all digested proteins are spread throughout the chromatographic separation space. In the top-down approach, low abundance target proteins would be single peaks that could be resolved chromatographically from high abundance protein interferences. For specific samples and assays, further optimization can be performed to ensure better separation and increase the accuracy and precision of target protein quantitation.
The previously determined MRM transitions enabled detection of the proteins during chromatographic method development. However, elution of the proteins at different organic solvent compositions or modifier concentrations can cause changes in the protein charge state distribution.
Consequently, the highest intensity charge state might be different from the previously isolated precursor ion for MRM determination. The decrease in precursor ion signal intensity can significantly reduce the sensitivity of the method. Therefore, after the chromatography was developed, the protein profiles were obtained again at the elution composition, and the highest intensity charge states were reselected for MRM optimization (Lysz Table 1 ). The mass spectra containing the intact protein charge state distribution and product ions are shown in Online Resource Supplementary Figures S4-S10 and the data for intact protein molecular weights are given in Online Resource  Supplementary Tables S2-S7. Five-point calibration curves (Online Resource Figures S11-S16) for each of the six proteins were generated in triplicate. Accuracy, precision, linearity, linear range, limit of detection, and limit of quantitation were also determined and are reported in Table 2 . Respectable linearities (R 2 > 0.99) were obtained in all calibration curves. Calibration linear ranges were different for all proteins because of their different Figure S17 demonstrates the use of Myo as an example to show a greater dynamic range may be considered if nonlinear responses at higher concentrations are accounted. It is useful to note that the sensitivities for different proteins, as judged by the slope of the calibration curves, varied by as much as one to three orders of magnitude. The accuracy and precision tests were performed by testing protein standards at low, medium, and high concentrations within the respective calibration ranges for each protein. The errors in accuracy of all three points on all six proteins were under 5%. The data were also characterized by relatively high precisions with low coefficients of variation (1%-12%). The LOD and LOQ obtained for the six protein standards ranged from 0.5 to 40 μg/mL and 0.5 to 50 μg/mL, respectively. Although the LOD and LOQ using this top-down approach is not lower than typical bottom-up approaches, where detection limits for peptides may be reported in the pg/mL to ng/mL range [35, 36] , the LOD and LOQ of this triple quadrupole mass spectrometer method is on par with the various concentrations expected for proteins in many biological fluid samples [37] . It is very close to levels of the lowest abundance proteins (<500 ng/mL) that are needed to be detected for some biomarker quantitation applications [38] . It is not surprising that the bottom-up approach would have better sensitivity since peptides generally can be separated more efficiently, have high ionization efficiency (their ESI response is only distributed over a few charge states at most), and higher fragmentation efficiency in tandem mass spectrometry than large protein precursors [39, 40] . Yet, the bottom-up approach also quantifies protein based on the assumptions of complete and reproducible protein digestion and that the target peptide is solely derived from the specific protein of interest [41] . These assumptions do not always hold true and the lost connection between protein and its peptides through digestion makes it more difficult to trace back to account for the errors. Even though bottom-up protein quantitation is quite mature, the creation of new standardization procedures to account for these limitations is still an active area of research [42] . Of course, the development of a specific application with the top-down approach on a triple quadrupole mass spectrometer would require comprehensive evaluation of sample preparation, sample enrichment (if necessary), and matrix effects that would be expected to alter quantitative performance from the idealized case presented in this paper.
Matrix effects are a significant consideration when quantifying analytes from a biological sample using ESI-MS [43, 44] . Not only is the sample complex because of the presence of multiple classes of compounds, other proteins besides the protein of interest often exist in a wide range of abundance. Matrix effects in biological fluids thus come in two main sources: ion suppression and MRM transition interference. In an effort to study the effect of variable matrix protein concentrations in a sample on the specificity of target protein quantitation, experiments were performed to target Cyt c E as the protein of interest in the presence of Cyt c B and BSA as potential interferences. A general increase of uncertainty was observed as the excess protein matrix concentrations increased (Online Resource Supplementary Figure S18) . Cyt c E peak areas with excess protein at different concentrations were compared with the result of pure Cyt c E sample in the presence of no additional proteins. In the presence of both BSA and Cyt c B studies, Cyt c E areas were not heavily affected with lower concentrations of excess proteins (at one-tenth the target protein concentration). When excess protein concentrations were raised to be 10 times the protein of interest, the peak areas and standard deviations were significantly affected. With high concentration of BSA, the peak area of Cyt c E increased by 60%, but the standard deviation increased 6-fold.
With the increase of BSA as an excess protein, a significant matrix effect was observed. The ion signals generated by the charge state envelope of BSA do not overlap with the precursor ion signal of Cytc E; thus, the matrix effect observed can be attributed to competitive ionization during the ESI process. In the case of excess Cyt c B at high concentration, peak area of Cyt c E doubled and the standard deviation quadrupled. The increase of Cyt c E signal with increasing Cyt c B concentration is likely to be caused by interferences in the mass analyzer. Since the two proteins are very similar (97% sequence homology), there is a better chance of some interferences resulting from similarities in m/z for precursor or product ions chosen.
Overall, the result showed that matrix effect from co-elution of a high abundance of excess proteins would likely be a major problem for target protein quantitation. In such cases of targeted protein quantitation using the presented method, it would be important to optimize chromatography and to assess the presence of matrix effects. However, this is no different than standard best practices used for small molecule quantitation. Using the generic chromatographic method developed in this study, Cyt c E (t R = 6.5 min) was baseline-resolved from both Cyt c B (t R = 7.0 min) and BSA (t R = 8.1 min). Although the homological sequences of the two Cyt c appeared to pose a problem for discrimination by the mass analyzer, it was not difficult to separate the two using chromatography. In general, efforts to separate excess interfering proteins using chromatography would certainly be preferred to help mitigate matrix effects in a specific application method.
The BSA and Cyt c B studies demonstrated the impact of coexisting highly abundant protein and protein with similar sequence in the same sample. However, these studies alone cannot approximate the complexity of biological fluids. Therefore, human urine, plasma from equine, and plasma from bovine were used as sample matrices to show the feasibility of the MRM intact protein quantitation method on complex biological fluids. Figure 3a shows the chromatogram of blank urine while the MRM transitions of Lysz, Lact, Myo, Cyt c B, Cyt c E, Ubiq, and PSA were being monitored. Figure 3b is the chromatogram of the urine spiked with Lysz, Lact, Myo, Cyt c B, Cyt c E, and Ubiq. Figure 3c and d are the chromatograms of horse plasma without and with protein spikes, respectively, and Figure 3e and f are the chromatograms of bovine plasma without and with protein spikes, respectively. As the data revealed, no protein MRM peaks were observed when no protein standards were spiked into the matrices. In other word, no interferences with the specific MRM transitions were detected from the blank matrices. Since no proteins were detected with pure matrices using the MRM method, it was clear that the MRM transitions were specific to the proteins of interest. With protein standards spiked into the matrices, all proteins were successfully detected. However, some matrix effect were seen, especially in the case of Myo and Lact, with some signal suppression and peak splitting compared with the same protein concentration in water. The detection and sensitivity for the other proteins were not significantly affected in the presence of biological matrices. In principle, further variation of chromatography conditions could be made to ameliorate changes in peak quality in the presence of the biological fluid, but this was judged to be beyond the scope of this study.
Conclusion
In this work, the difficulties associated with generating reproducible MRM transitions in a top-down approach to intact protein quantification on a triple quadrupole mass spectrometer were evaluated and overcome. Although abundant low mass fragments were still observed and much of the recorded fragmentation patterns for each protein were irreproducible, a few unique, stable, and reproducible product ions generated under moderate CID gas pressure with low CE were found for each model protein. We believe that extensions of this approach to higher mass proteins is feasible, assuming that the multiply charged protein ion envelope is visible in the limited mass range of the triple quadrupole instrument. Protein supercharging may prove to be useful in this regard. Not all commercial triple quadrupole instruments allow variation of CID gas pressure, and this may limit the ability to generate reproducible fragment ions and MRM transitions in some systems. Even so, triple quadrupole instruments are generally more affordable than many high resolution instruments currently used (but, often for different purposes than quantitation) for top-down protein analysis.
To quantify intact proteins, two stable and reproducible protein fragment ions need to be identified and optimized. One of the product ions will be used as the main transition for quantitative analysis and the other as the supportive confirmatory signal for aided specificity. This fast and direct method that bypasses the hassle of protein digestion and related preparation should be beneficial in many fields and applications. Being able to achieve absolute protein quantitation without the tremendous investment in stable-isotope labeled proteins can solve the current drawback in clinical fields where quantitative results cannot be compared from lab to lab, or day to day. Acquisition of appropriate standards for external or internal standard quantitation of many proteins is either expensive or lacking. The attractiveness of this technique could spur new focus on more affordable production of protein standards, e.g., through large fermentation runs and purification, etc.
Although our approach may not be as sensitive as more common methods based on targeted peptides from protein digests [10] , it is clear that much less effort has gone into studying ionization efficiencies and potential for matrix effects and interferences when quantifying intact proteins directly. Our demonstrated ability to target intact proteins directly using MRMs should lead to a more concerted effort to both understand ionization effects associated with intact protein analysis and the optimization of instrumentation for more sensitivity, given the fact that it allows for direct quantitation without the need for digestion and enables absolute protein quantitation. Even so, a few challenges remain, and these are currently under Figure 3 . Sample biological matrices including human urine, horse plasma, and bovine plasma were analyzed using a combination of liquid chromatography and QQQ-MS detection to demonstrate specificity of the monitored transitions. MRM transitions of Lysz, Lact, Myo, Cyt c B, Cyt c E, Ubiq, and PSA were being monitored. Chromatograms of (a) human urine, (b) human urine with protein mixture (all but PSA) spike, (c) horse plasma, (d) horse plasma with protein mixture spike, (e) bovine plasma, (f) bovine plasma with protein mixture spike further investigation in our laboratory. Considerations should be made for choosing and incorporating appropriate internal standards for intact proteins into specific quantitative applications. Intact protein MRM-based quantification may be less feasible for use in detecting various different proteoforms of a target protein analyte if their mass differences are not within the differential power of the QQQ-MS. The methodology would be most suitable for generation of methods that are designed to detect global changes in a protein level. Yet, with appropriate calibration, absolute determination of the levels of target proteins could be determined, in a similar manner to small molecule protein analysis. Although matrix effects from excess proteins and biological samples were preliminarily evaluated in this study, more work is needed to assess the prevalence of matrix effects, and this is best done in the context of specific applications. In fact, the combination of high efficiency chromatography and specific MRM transitions appear to provide significant advantages when a method is desired for biological samples that contain a high dynamic range of protein concentrations. Use of appropriate MRM settings would make the mass spectrometer blind to high abundance proteins-only interferences and matrix effects need to be considered, but this is no different than the case for small molecule analysis. Further, dedicated methods will also require the use of appropriate sample preparation and chromatographic techniques, fields that are advancing quickly with the increased attention being placed in the realm of biomarker quantitation and biopharmaceutical development.
